Tumor treating fields are alternating electric fields that have a therapeutic effect on newly diagnosed and recurrent glioblastomas. The fields act on cellular proteins with large dipole moment that are critical for tumor cells undergoing mitosis. This putative mechanism of mitotic disruption translates into a superior survival benefit for newly diagnosed glioblastoma patients when tested in a randomized clinical trial comparing tumor treating fields and temozolomide with temozolomide alone in the adjuvant setting. This review provides an updated summary of preclinical and clinical data, including the cell biology effects of tumor treating fields, computer simulation of the electric field distribution in patients, and the clinical efficacy data of this new therapeutic modality against glioblastoma. This is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as appropriate credit is given and the new creations are licensed under the identical terms. 
Review intRoduCtion
Tumor treating fields (TTFields) are alternating electric fields at a frequency of 200 kHz that have anti-cancer effects. These fields are delivered by the TTFields therapy device, which consists of an assembly of an electric field generator and a portable lithium-ion battery, through two pairs of orthogonally positioned transducer arrays applied to the patient's shaved scalp. This device was approved by the United States Food and Drug Administration on April 8, 2011 , for the treatment of progressive glioblastoma [1] and on October 5, 2015, for newly diagnosed glioblastoma in the adjuvant setting after initial radiotherapy and daily temozolomide. [2] The latter approval was based on a randomized Phase III clinical trial that demonstrated a significant survival benefit. This review will summarize the preclinical data on the physics and the cell biology effect on dividing tumor cells, as well as efficacy data from randomized clinical trials. Studies included in this review were obtained from PubMed with the search term of TTFields or alternating electric fields.
tumoR tReating Fields inteRRupt the pRogRession oF mitosis
TTFields disrupt the division of tumor cells in culture. Kirson et al . [3] initially observed cellular disruption during mitosis and the cells exhibited various structural abnormalities on immunofluorescent microscopy, including polypoid prophase, rosette, poorly aligned chromosomes on metaphase, multi-spindled metaphase, single-spindled metaphase, and asymmetric chromosome segregation in anaphase [ Figure 1 ]. The maximal effect occurred on cells with their dividing axes parallel to the direction of the applied alternating electric fields. [3] Furthermore, these cellular phenomena were dependent on the frequency, with an effective range from 100 to 300 kHz and a maximum at 200 kHz for glioma cell lines. [4] The maximal effect also depended on the cell size and perhaps this is the reason that the optimal frequency is slightly lower at 150 kHz for mesothelioma cell lines (H2052 and MSTO-211H), lung adenocarcinoma cells (A549 and H1299) and breast adenocarcinomas (MCF-7 and MDA-MB-231) due to their smaller size. [5] Collectively, these data indicate that TTFields affect a structural protein critical to the proper progression of mitosis and Tubulin fulfills this requirement due to its high dipole moment and its assembly into higher order microtubules, which are critical for the alignment of the chromosomes at the metaphase plate and the subsequent migration of sister chromatids during anaphase.
TTFields also cause disruption of the cytoplasmic membrane during mitosis. Gera et al. [6] demonstrated membrane blebbing that was coincident with the initiation of anaphase, and these aberrant contractions were due to abnormal distribution of the contractile elements resulting in ectopic furrow formation. The Septin complex mediates the contraction of the cytoplasmic furrow, and it also possesses a high dipole moment, allowing it to be perturbed when exposed to TTFields [ Figure 2 ]. Indeed, TTFields inhibit the localization of Septin to the anaphase spindle midline and cytokinetic furrow, as well as its association with microtubules. [6] The downstream effects include tetraploidy or uneven distribution of chromosomes into daughter cells, which may lead to cell death or cellular stress. [6] Therefore, these observations support the notion that TTFields disrupt another protein -Septin -critical to the proper progression of mitosis.
Another mechanism by which TTFields exerts its antitumor effect is the disruption of DNA repair mechanisms. Comparative gene expression analysis of lung cancer cell lines after exposure revealed that BRCA1 responsive genes were downregulated and this effect was more extensively seen in responsive (H157 and H4006) than nonresponsive (A549 and H1299) cell lines. [7] Specifically, the responsive cell lines had increased foci of DNA double-strand breaks and sub-G1 population of cells on flow cytometry, indicating a higher rate of apoptosis. [7] Therefore, TTFields have a persistent effect on dividing cells in the telophase near the end of mitosis and G 2 /M checkpoint just before the next round of mitosis.
A major downstream consequence of TTFields effect on tumor cells being stressed is likely to be the induction of effector immune response from the host. This is based on the observation that mice injected with syngeneic B16F10 melanoma cells had fewer lung metastases when TTFields were externally applied to their torso compared to shamtreated mice. [8] In addition, in another treatment, paradigm in which VX-2 tumors were implanted into the renal capsule of rabbits and TTFields were applied to the abdomen and retroperitoneum, these rabbits also had fewer lung metastases compared to sham-treated ones, suggesting an indirect mechanism of tumor control. [8] Indeed, tumor cells in culture treated with TTFields have increased calreticulin expression on their surfaces and secretion of the Alarmin/damage-associated molecular pattern protein high-mobility group protein B1, potentially enabling their recognition and eventual destruction by the immune system. [9] Therefore, TTFields have both direct and indirect mechanisms of action on tumor cells, and their anti-tumor efficacy is most effective when the effector immune system of the host is also engaged.
CellulaR modeling Reveals vulneRability oF dividing Cells to tumoR tReating Fields
TTFields induce changes in dividing tumor cells, and these alterations are dependent on a number of physical factors, including the frequency and intensity of the electric fields, the orientation of the dividing cells relative to the vector of the applied electric fields and the geometry of the dividing cells. In this regard, computational modeling provides a means of analyzing and predicting the effects of TTFields in cell cultures. Wenger et al. [10] used this method to confirm the observed biological effect of TTFields, and they noted that at low frequency, <10 kHz, the applied electric field did not penetrate the cell membrane. However, TTFields at 200 kHz induced the greatest electric field penetration during midtelophase when most of the fields were concentrated at the cytokinetic furrow. [10] This is probably a result of the hourglass geometry of the cytokinetic furrow in mid-telophase compared to cell at early telophase or metaphase, which respectively have an optimal frequency of 500 kHz and 10 MHz. [10] Furthermore, the effect of the applied fields also has a directional component. A maximum field intensity was noted in the cytokinetic furrow when the direction of the dividing cells was oriented parallel (0º) to the applied electric fields, and the intensity was at a minimum when the cells were oriented perpendicular (90º) to the fields [ Figure 3 ]. [10] Partial field effect was also seen between 0º and 90º, and the field intensity diminished progressively as the cells were oriented from 0º to 90º. [10] Therefore, computational modeling of intracellular TTFields provides supportive data for a number of observed effects in cell culture experiments.
patient modeling pRovides a Quantitative measuRe oF tumoR tReating Fields
Electric field mapping in patients can provide valuable data on the strength of TTFields applied to the glioblastoma. This is usually accomplished by first acquiring the MP-RAGE dataset of the patient's head magnetic resonance imaging. Segmentation masks are created using ScanIP 7.0 (Simpleware Ltd., UK) for critical neuroanatomical structures, including the scalp, skull, dura, cerebrospinal fluid, white matter, gray matter, brainstem, cerebellum, orbits, and bilateral ventricles, where grayscale thresholding methods are applied to initially segmented tissues, followed by manual correction on these masks. In addition, T1 and T2 magnetic resonance imaging sequences are also imported into ScanIP, and they are coregistered with the segmented masks for delineation of the gross tumor volume (GTV) and the necrotic core. The GTV and necrotic core are both manually segmented by the treating physician based on visible enhancements shown on the co-registered postgadolinium T1-and T2-weighted image datasets. After the transducer arrays are manually placed on the surface of the scalp, a three-dimensional finite element mesh is generated using ScanIP. This mesh is then imported into COMSOL Multiphysics (COMSOL, Burlington, MA, USA), where material properties, boundary conditions, and appropriate physics parameters are assigned and applied to solve for the electric field distribution.
The solved electric fields and energy absorbed in the brain can be visualized as a series of dose-volume histograms, including the electric field-volume histogram and the [10] ) specific absorption ratio-volume histogram. [11] The electric field-volume histogram is generated for the comparison of electric field strength between different models and it is referenced to (i) the percentage volume of a particular structure receiving at least 150 V/m (V E150 ), (ii) the magnitude of electric field strength encompassing 95% of a particular structure's volume (E 95% ), (iii) the magnitude of electric field strength encompassing 50% of a particular structure's volume (E 50% ), and (iv) the magnitude of electric field strength encompassing 20% of a particular structure's volume (E 20% ). [11] Similarly, the comparison of the rate of energy absorbed in different specific absorption ratiovolume histogram models is referenced to (i) the percentage volume of a particular structure receiving at least 7.5 W/kg (V SAR7.5 ), (ii) the magnitude of specific absorption rate (SAR) encompassing 95% of a particular structure's volume (SAR 95% ), (iii) the magnitude of SAR encompassing 50% of a particular structure's volume (SAR 50% ), and (iv) the magnitude of SAR encompassing 20% of a particular structure's volume (SAR 20% ). [11] Collectively, these parameters on the electric field-volume histogram and the specific absorption ratio-volume histogram can facility the comparison of the electric field strength and the amount of energy absorbed among patients [ Figure 4 ].
Computer simulation can be a valuable tool to predict the results from changes in the delivery of TTFields. For example, the position of the arrays may affect the intensity and distribution of TTFields at the GTV depending on the location of the glioblastoma. Korshoej et al. [12] identified optimal array positions for the majority of tumors located in the anterior-posterior direction but not in the left-right direction, except for a few that an oblique array layout, associated with TTFields oriented at 45º to the sagittal plane, was superior to the conventional anterior-posterior and left-right array positions. Furthermore, the removal of the craniotomy bone flap and the application of the arrays to the overlying scalp increased the effective electric field strength by 60%-70% at the GTV located at the cerebral hemisphere [ Figure 5 ], but such craniectomy did not increase the field strength for a deep-seated tumor. [12] Regardless, these data generated from computer simulation require confirmation of actual effectiveness in clinical situations.
Figure 4: Volume histograms EVH and SARVH. (A-D) The EVH (A), SARVH (B)
, electric field map (C), and SAR map (D) were generated using a transducer array placement map. The highest E AUC was found at the scalp and skull, whereas the lowest was detected at the orbits, bilateral ventricles, and brainstem. The highest SAR AUC was found at the skull, GTV, and the layer of cerebrospinal fluid between cortex and dura, whereas the lowest was found in the orbits, cerebellum, and the orbits. EVH: Electric field-volume histogram, SARVH: Specific absorption rate-volume histogram, SAR: Specific absorption rate, GTV: Gross tumor volume. (Reprinted from Lok et al. Cancer Med 2017;6:1286-300. [11] ) D C B A adjuvant tumoR tReating Fields pRolong the suRvival oF glioblastoma patients EF-14 is the pivotal randomized phase III clinical trial (ClinicalTrials.gov: NCT00916409) that established a survival benefit when TTFields were added in the adjuvant setting to newly diagnosed glioblastoma patients. In the trial, individuals were randomized in a 2:1 fashion to receive TTFields plus adjuvant temozolomide or adjuvant temozolomide alone after completion of the initial involvedfield cranial irradiation and concomitant daily temozolomide. The primary endpoint was progression-free survival (PFS) and second endpoints were overall survival (OS), PFS at 6 months, survival at 1 and 2 years, as well as the quality of life assessment. The findings from the prespecified interim analysis and the final analysis were essentially the same. The intent-to-treat cohort received TTFields plus temozolomide (n = 466) had a longer PFS than the cohort treated with temozolomide alone (n = 229), with a median PFS 6.7 versus 4.0 months, respectively (hazard ratio [HR] = 0.63, 95% confidence interval (CI) 0.52-0.76, log-rank P < 0.001) [ Figure 6] ; the PFS at 6 months was 56% (95%CI 51%-61%) versus 37% (95% CI 30%-44%), respectively. [13] The median OS also favored the TTFields plus temozolomide over the temozolomide alone cohort, 20.9 versus 16.0 months respectively (HR = 0.63, 95% CI 0.53-0.76, log-rank P < 0.001) [13] [ Figure 6 ]. There were no unexpected adverse events and expected Grade 3 and 4 toxicities were similar between the two groups, including hematological side effects, gastrointestinal disorders, and convulsions. Scalp reaction was seen only in the device-treated cohort and not in the temozolomide-only group. Therefore, EF-14 provides a definite signal of survival benefit in the glioblastoma population when TTFields are applied.
EF-14 also included a robust health-related quality of life assessment. No significant difference was seen between the two cohorts except for scalp irritation in the TTFields-treated individuals. [14] Measures for global health status, physical functioning, emotional functioning, pain, and leg weakness all favored the TTFields-treated group (P < 0.01), while role and social functioning were not affected by TTFields. [14] Therefore, when added in the adjuvant setting, TTFields does not have a negative impact on patients with respect to their health-related quality of life except for scalp pruritus. The treatment of glioblastoma patients using TTFields in the real world, clinical practice setting requires a number of important considerations [ Figure 7 ]. First, usage compliance correlates with the efficacy of the device for controlling the tumor. In the EF-11 trial and the patient registry dataset for recurrent glioblastoma patients (ClinicalTrials.gov: NCT00379470), a threshold of 75% per day of usage was important, and this correlated with a longer OS. [16] In contrast, the threshold was 50% for patients with newly diagnosed glioblastoma in the EF-14 trial. [17] This lower threshold may be due to the application of TTFields in the newly diagnosed population, which may have a higher sensitivity to this treatment, and the combination with temozolomide in the adjuvant setting may also augment the efficacy of TTFields and therefore lower the threshold requirement. Second, the response pattern analysis from mathematical modeling of the EF-11 trial data suggests that tumor response develops slowly over time, with a median time to response of 5.2 months. [18] However, responded patients have durable responses with a median duration of 12.9 months. [18] Finally, supportive medication like dexamethasone that is frequently used in the glioblastoma population can have a negative impact on the efficacy of TTFields. The post hoc analysis of dexamethasone effect in the EF-11 cohorts demonstrated that patients taking ≤ 4.1 mg per day of dexamethasone lived more than twice as long as those used > 4.1 mg per day, with an OS of 11.0 versus 4.8 months, respectively (χ 2 = 34.6, P < 0.0001). [19] Surprisingly, this superimposed dexamethasone effect was also seen in the chemotherapy-treated control cohort, and patient OS was 8.9 versus 6.0 months, respectively (χ 2 = 10.0, P < 0.0015). [19] A similar dexamethasone effect superimposed negatively on patient survival was also seen in larger datasets from Memorial Sloan Kettering Cancer Center, the pivotal trial of the European Organization for Research and Treatment of Cancer/National Cancer Institute of Canada and the German Glioma Network. [20] This survival disadvantage is likely a result of dexamethasone's immunosuppressive effect that weakens the already marginal antitumor immunity in these patients. Indeed, another immunosuppressant everolimus, which is also an inhibitor against the mammalian target of rapamycin, was evaluated in the glioblastoma population in a randomized study and patients taking this medication died sooner on average by 4.7 months. [21] Therefore, patients undergoing TTFields treatment should avoid dexamethasone or other immunosuppressants.
ConClusions
The concept of treating malignancy using alternating electric fields at 150-200 kHz, also known as TTFields, has gained acceptance as a bona fide therapeutic modality for cancer. This is based on the observation of mitosis disruption in cell culture when dividing cells are exposed to these fields. Proteins with large dipole moments, including Tubulin and Septin, are major targets because they are critical for the proper progression of mitosis at metaphase and anaphase. In addition, TTFields affect cells in telophase due to increased DNA double-strand breaks. Furthermore, the geometry of dividing cells is relevant, particularly with the cytokinetic furrowing in telophase that can potentiate the anti-mitotic effect of these fields. From a clinical perspective, the treatment of newly diagnosed glioblastoma patients with TTFields plus temozolomide results in longer PFS and OS than standard temozolomide alone in the adjuvant setting, and this survival benefit is accompanied by improved measures in health-related quality of life. Furthermore, computer simulations offer an opportunity to quantify the amount of electric field applied to the tumor, but additional work is required to determine its correlation with clinical antitumor efficacy. Finally, adequate compliance and duration of usage, as well as avoidance of immunosuppressants, are also relevant factors in the treatment of glioblastoma patients with TTFields.
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